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I.  INTRODUCTION 

A systematic examination of projectile shapes1 concluded that a 
longer, streamlined projectile with a length-to-diameter ratio of 5.5 
would have a higher striking energy and a shorter time of flight than 
conventional automatic cannon or small arms projectiles. 

Since the base drag compn    ver half the total drag for such a 
streamlined projectile,1 even h-^;er striker energies and shorter 
flight times are possible if the base drag can be eliminated. 

The base drag arises from the partial vacuum at the base of a 
supersonic projectile. The approaches used in the past to reduce the 
base drag of projectiles include base geometry optimization, boundary- 
layer bleed into the base region, and the addition of heat and mass. 
A review of this previous work has recently appeared. 

This report deals with experiments directed towards reducing base 
drag by direct injection of heat and mass into the wake region. The 
word, "fumer", has been coined for substances designed to release heat 
and mass into the wake region. Work related to this new technology 
area is in progress in industrial, academic, and government laboratories; 
such work ranges from gun firings to analytical modeling of the wake 
region including the effect of heat and mass injection. A summary of 
this work is in press; a description of the gun firings is discussed in 
a Frankford Arsenal report. 

Pyrotechnics have been chosen as candidate fumer compositions since 
it is well known that pyrotechnics will burn at atmospheric pressure 
and will pass military safety and storage requirements.  In the exper- 
ments reported here, the variables that affect the burning rate of a 
pyrotechnic are examined systematically to see how such variables alter 
fumer performance. The experiments were conducted in a wind tunnel at 
simulated projectile flight conditions. 

II.  EXPERIMENTAL 

A. Test Conditions 

The experiments were conducted at the Naval Surface Weapon Center's 
Hypersonic Tunnel that has large capacity air supply and heating systems, 

B.  J.   Reiter, B.  B.   Gr-ollman,   and A.  E.   Thrailkill,   "A Compendium of 
Ballistic Properties of Projectiles of Possible Interest in Small Arms," 
BEL Report No.   1532,  Februam 1971.    AD#    882117. 

2 
S.  N. B. Murthy and J. R,  Osbom,   ''Zu.se Flow Data With and Without 
Injection:    Bibliography and Semi-Rational Correlations," BEL Contract 
Report No.   113, August 1973.    ADV 914188L. 

S, N.  B. Murthy, J. R.  Osbom,  J. E.  Ward, and A.  W.  Barrows,  eds. 
Aerodynamics of Base Combustion, MIT Press, Boston, in press. 

R.  Kwatnoski,   "Drag-Reducing Fumer for Application in Small Arms 
Ammunition," Frankford Arsenal Report No. R-3003, March 1974. 
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The latter was necessary to achieve sea-level temperatures in the test 
section.  Normally, this tunnel is operated at Mach numbers 5-10.  Re- 
cently, it was equipped with two additional stilling chambers which 
permit its operation at sea-level conditions. The flow nozzle was of 
center-body design with a 15cm exit diameter. The test setup is illus- 
trated in Figure 1. All experiments were done with the Mach 1.98 nozzle 
described previously.  An index is provided in Appendix A listing the 
fumer mix and flow conditions for each test run. This includes sgme 
data on runs done with fumer mixes supplied by Picatinny Arsenal. 
Table I lists the constituents of all fumer mixes discussed in this report, 

B. Model and Instrumentation 

Projectile base flow was simulated by a cylindrical body which was 
supported in the settling chamber and extended through the nozzle throat 
into the test section. The model was 2.5cm in diameter and 27cm long 
when measured from the throat. Model surface was sandblasted to a 
roughness of about 0.01mm to ensure a turbulent boundary layer at the 
base. On a number of selected runs a 15cm long extension was used to 
increase the boundary layer thickness at the model base. 

The fumer mix for each run was contained in a steel capsule in a 
1.5CLI, i.d., by 2.0cm deep cavity. The fumer mixes were ignited by a 
laser beam (250 watt CO laser manufactured by Westinghouse) operated 
in the continuous mode. The light beam diameter at the plane of im- 
pingement was about 1cm and the exposure time varied from 2 to 5 seconds. 

The model base was instrumented with eight pressure orifices 
arranged as in Figure 2. On test runs with the extended model only four 
tubes were used.  Immediately after removal of the model extension 
(Run 123), orifice tubes PI, P2, P3, P4, P5, and P6 were extended 0.6, 
1, 1, 2, 2.5, and 1cm respectively past the base for pressure measure- 
ments in the near-wake. Unfortunately, these tubes burnt off so early , 
in a combustion run that no meaningful results were obtained. 

The model was equipped with an air turbine capable of spin rates 
up to 50,000 rpm and with a force balance for direct base drag deter- 
mination (Figure 3). Six pressure orifices were provided near the 
model periphery for base drag determinations during tests with spin. 

Preceding the combustion tests, boundary layer measurements were 
made on the model surface a short distance upstream of the base. The 
measurements were made with a flattened Pitot-type probe of 0.56 x 
1.3mm front-face dimensions. The distance of the probe from the model 

5J. R.   Ward,  F.  P. Baltakis, and S.   W.  Pronahiak,   "Wind Tunnel Study 
of Base Drag Reduation by Combuetion of Ryroteahnioa," ERL Report No. 

„1745,   October 1974.     AD# B000431L. 
F. P. Baltakis, "Wind Tunnel Study of Projeatile Base Drag Reduation 
Through Combustion of Solid, Fuel-Riah Propellante, " N0L Wind Tunnel 
Report No.   93,  Oatober 1974. 2 
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TABLE I. FUMER COMPOSITIONS6 

Designation 

R-20C 

R-284 

F-l 

F-4 

P-l 

P-3 

P-5 

P-7 

P-9 

P-ll 

Constituents 

SrO 
Mg 
Calcium Reslnate 
PbO 
BaO^ 

Sr(N0o) 
Mg 3'2 

Polyvinylchloride 

SrO 
Mg 
Calcium Reslnate 
Carbon 

Sr(N03)2 
Mg 
Calcium Reslnate 

Coal 
VAAR 

MoO 
Tl 

NaNO 
Al J 

VITON AC 

Mn(C03)2 

NaNO 
Al J 

C 
VITON A 
Mn(C03)2 

NH.C10, 4  4 
Coal 
VAAR 

NaNO 
Al J 

VITON A 
Mn(C0 ) 

65.7 
21.5 
6.0 
3.4 
3.4 

55.0 
28.0 
17.0 

78.8 
8.1 
9.1 
4.0 

57.7 
33.2 
9.1 

97.0 
3.0 

57.0 
43.0 

10.0 
90.0 
5.0 
2.0 

10.0 
65.0 
20.0 
5.0 
2.0 

40.0 
55.0 
5.0 

10.0 
85.0 
5.0 
2.0 

' 

' 
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TABLE I. FUMER COMPOSITIONS 

Continued 

d 

Designation Constituents 

P-13 NaNO 
Mg Ä 

5.0 
90.0 

VITON A 5.0 

P-15 NaNO 
Mg 

15.0 
80.0 

VITON A 5.0 

P-17 NaNO 
c s 

65.0 
35.0 

VAAR 3.0 

P-19 NaNn 15.0 
A' 78.0 
VITON A 5.0 
Mn(C03)2 2.0 

compositions in percent by weight 

vinylalcoholacetate resin 

'flourinated polymer 
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surface has determined from photographic data in order to avoid in- 
accuracies due to aerodynamic deflection of the probe. A schlieren 
photograph of the probe in the flow is shown on Figure 4. 

Temperature measurements in the combustion zone were also attempted 
using a tungsten/tungsten-rhenium thermocouple.  The thermocouple was 
made of l/4mm diameter wire coated with a very thin layer (1.25 x l(r5cm) 
of tantalum oxide. The wire was supported in the stream with a Amm 
diameter beryllium oxide rod.  Schlieren photographs of the probe in 
the flow before and during combustion are shown in Figures 5 and 6. 

C.  Fumer Mixes 

The fumer mixes were pressed into the steel capsules mentioned 
above in the same fashion as described in the first wind tunnel experi- 
ments.  The fumer mixes were consolidated in the capsules at a pressing 
pressure of 282 MN/mz (40,900 psi). With the exception of R20C, fumer 
mixes were binary mixes of magnesium and an oxidizer or ternary mixes 
in which a burning rate modifier was included in the magnesium/oxidizer 
mix.  The magnesium was sieved through a 140 mesh onto 200 mesh screen 
which corresponds to diameters between 75y and lOOp. In selected runs 
a coarser grade of magnesium was used with particle diameters ranging 
from 150y to 250p.  The magnesium in the standard pyrotechnic composition, 
R20C, is grade 12, military specification JAN-M-382(A).  Other ingred- 
ients conform to specifications stated in reference 7.  These ingredients 
were sieved through a 60 mesh screen. For each fumer mix in the test 
series, the weight of the mix and the length of the column in the steel 
capsule were measured. The pyrotechnic mix was designed to be end- 
burning so as to have a constant mass burning rate. 

III.  RESULTS 

Model boundary layer data are summarized in Figure 7. The measure- 
ments were taken at a station 1cm upstream of the model base. At Mach 
1.98 additional measurements were taken on the model extension, 14cm 
further downstream. These data are also included on Figure 7. Differ- 
ent symbols on the plots represent points obtained in different runs. 

As may be seen from the graphs, the scatter of the data is small. 
The boundary layer profile at M^ = 1.98 flattens out at a slightly lower 
free-stream Pitot value than the theoretical value. This is presumably 
caused by a small, local flow disturbance.  For the 26.7cm and the 41.9cm 
models in the Mach 1.98 nozzle, the boundary layer thickness was 2.9mm and 
3.6mm respectively. 

Engineering Design Handbook,   "Military Pyroteahnios Series Part 
Three  - Properties of Materials Used in Pyroteohnio Compositions," 
AMC Pamphlet 706-187,  October 1963. 
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Temperature measurements in the near-wake were attempted on Runs 
201 and 202. On Run 201 the thermocouple was positioned on the wake 
centerline with the thermocouple junction 5cm downstream of fhe model 
base. As combustion of the R20C mix started, the temperature as moni- 
tored by the tungsten/tungsten-rhenium thermocouple rose rapidly to 
about 1900K and remained there within 100K throughout the run. After 
combustion ceased the measured temperature dropped to 500K. The thermo- 
couple wire was intact although the supporting beryllium oxide rod was 
badly eroded. On Run 202 a new thermocouple was installed and it was 
moved two cm closer to the model base. On this run the thermocouple 
disintegrated as soon as the R20C mix ignited. The thermocouple exceeded 
the set range of 2800K and no meaningful reading was obtained. 

Force balance measurements were attempted in Runs 196 to 202, again 
utilizing R20C as the fumer mix. Difficulties were experienced first 
with the balance alignment within the nozzle centerbody, and later with 
the balance zero shift. The data obtained are not deemed adequate and 
will be repeated in the next set of wind tunnel tests. 

Base pressure variations with time are collected in Appendix B. 
The pressure is shown normalized to the free-stream static pressure. 
The base pressure was obtained by averaging readings at two stations 
(P. and P.). The free-stream static pressure and temperature were com- 
puted from the supply8pressure and temperature assuming isentropic ex- 
pansion to Mach 1.98. The Mach number was determined from pre-test 
nozzle calibrations. 

Summaries of the parameters of main interest are presented in 
Tables II-V. The results were divided this way to facilitate the dis- 
cussion. The maximum base pressure rise during combustion is self- 
evident; a median base pressure rise was also estimated from the pressure- 
time histories, since a slight, but steady increase or decrease in base 
pressure was frequently observed, e.g., Runs 123 or 132. The burning 
time of the fumer composition was defined as the interval from the first 
base pressure rise to the time when the base pressure begins to fall to 
its pre-combustion value. The mass burning rate is obtained from the 
mass of the fumer composition divided by the burning time. The injection 
parameter is defined as follows 

p u A 
OO  00 

(1) 

I • 

o 
G.  P. Sutton, Roaket Propulsion Elements,  3rd ed., John Wiley and 

gSons,  New York,   2963,  p.   40. 
J.  E. Bowman and W.  A.  Clayden,   "Reduction of Base Drag by Gas 
Ejection," RARDE Report 4/69,  December 1969. 
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Bowman and Clayden contend the Injection parameter is the fundamental 
parameter controlling base pressure rise by gas ejection into the wake. 
Keyser  also correlated base pressure rise with I for wake ejection 
of cold air at various supersonic velocities. The injection parameter 
was computed from the following expression that requires terms m, P , 
and T^ that have already been computed for each run. The injection" 
parameter is 

I - 
tn 

P M A (^—) 
00   00      KT 

00 

1/2 (2) 

The density of the fumer mix was computed from the previously measured 
fumer mass, column length, and the internal diameter of the steel capsule. 

IV. DISCUSSION 

Table II summarizes results obtained with R20C as the fumer mix. 
The objectives of these runs were to see the plfect of a thicker 
boundary layer on base pressure rise during combustion and to test the 
effect of spinning the fumer mix. The latter is important both for 
simulating projectile flight conditions and also because it presents 
the opportunity to vary the mass burning rate of fumer mix without 
changing the chemical composition.H»^ 

The Reynolds numbers for runs with the extended model (Runs 117, 
119, 121, and 122) are compared to a run made with the 26.7cm model 
used in all subsequent tests. The Reynolds number/meter was computed 
from M^, P , and T .   For the extended model, the characteristic 
length is 41.9cm. 

Run 

117 
119 
121 
122 
124 

Re/m x 10 -6 

53 .4 
50 0 
48 7 
48 7 
51 7 

Re x 10 -6 

22 .4 
21 4 
20 4 
20 4 
13 8 

Z%.  D. Keyser,   "Effects of Base Bleed and Supersonia Nozzle Injeotion 
on Base Pressure," BRL Memorandum Report No.  2456, March 1975. 

2^D#    B003442L. 
J. J.  Caven and T. Stevenson,   "Pyroteohnios for Small Arms Ammu- 

12nition, " Frankford Arsenal Report R-1988, July 1970. 
W.  Puahalski,  "The Effect of Angular Velocity and Composition on 
Pyrotechnic Performance, " Frankford Arsenal Technical Report 74011, 

1 August 1974. 
D.  J. Spring and K. L.  Blackwell," Tables for Calculation of Reynolds 
Number as a Function of Mach Number, Stagnation Pressure, and Stag- 
nation Temperature, " US Army Missile Coimand Report RD-TR-63-3, 
February 1963. 
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A comparison between runs made with the two models is presented 
below. R20C was the fumer mix in these runs. 

Run 

117a 

119 

121 

122 

12^ 

Re x 10' 

22.4 

21.4 

20.4 

20.4 

13.8 

0.21 

0.19 

0.20 

0.22 

0.19 

*, g/s 

3.6 

3.1 

3.7 

3.4 

4.0 

I x 10* 

8.0 

6.7 

8.2 

7.5 

8.7 

■3 

<5/d = 0.14 for extended length model 

<5/d = 0.12 for normal length model 

These results suggest that the variation in Reynolds number and 
boundary layer thickness do not markedly change the base pressure 
rise. From a projectile design standpoint, it imjans the results in 
the wind tunnel with a model of length-to-diameter ratio of 10.5 are 
comparable with ba^e pressure changes in projectiles which have l/d- 
ratios from 3-5.5.g These results are also consistent with those of 
Bowman and Clayden who performed similar experiments with gases 
ejected into the wake. 

These set of runs also illustrate the variation in burning rate 
for pyrotechnic mixes. The burning rate of R20C varied from 3.1 to 
4.0 g/s. Similar variations were observed in pyrotechnic strand 
burning rate measurements at high external pressures.   The burning 
rate in these experiments was measured directly from high-speed films 
of the burning pyrotechnic as opposed to the indirect estimate of 
burning time made in the wind tunnel tests.  It was noted during the 
linear burning rate measurements that the burning rate variation de- 
creased at the higher pressures. 

The results for R20C at varying spin rates are summarized in 
Figures 8 and 9 in which mass burning rate vs spin rate and A(Ph/PJ 
vs the injection parameter, I, are plotted. 

14 
L, Deoker and J. R.  Ward,   "Lineal' Burning Rates of Preaeed Pro- 
pellant8t " BRL Memorandum Report in press. 
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The first point to be noticed is that the spin increases the mass 
burning rate of R20C from an average value of 3.5 g/s to 12 g/s at 
52,000rpm. However, the mass burning rate is not changed dramatically 
between J.f.jjKJO and ?2,000rpm. This is in sccord with previous 
results.  • " For a 36.3/63.7 percent by weight binary mix of mag- 
nesium/strontium nitrate, the burning rate versus spin rate was re- 
ported as follows 

Spin, krpm 

20 

35 

43 

Burn rate, cm/s 

0.41 

0.41 

0.46 

0.48 

I 

The second point of interest is the trend of A(P./P^ vs I de- 
picted in Figure 8. It appears there is a limit to the base drag re- 
duction as the burning rate of the fumer mix increases^ .Similar con- 
clusions were reached in other wind tunnel experiments *  *  in 
which nitrogen, argon, or air were injected into the wake region at 
various values of I. 

Table III summarizes data testing the influence of the fuel con- 
tent, fuel particle size, and the addition of center-perforated 
tungsten washers^ The rationale for testing fuel content came from a 
previous report   that suggested the base-drag reducing capability of 
a pyrotechnic mix would be enhanced by making the fumer mix fuel-rich. 
It was hypothesized that the excess fuel would vaporize and subsequently 
burn in the wake region. In the first wind tunnel series , the fuel- 
rich magnesium/strontium nitrate mixes could not be ignited. In 
this test series, strontium peroxide was substituted for strontium 
nitrate. On the assumption that Mg/SrO- will react to form MgO and SrO, 
then the stoichiometric mix of Mg/SrO. will contain 17% by weight 
magnesium. The particle size of the magnesium was varied to provide a 
test of chemically identical fumer mixes with different burning rates. 
The center-perforated washers were used to test the effect of varying 
the diameter of the fumer cavity as was done by Reid and Hastings" 
(Figure 10) and more recently by Keyser10. In the first wind tunnel series, 

16 

16 

J. Reid and R, C. Hastings,   "The Effect of a Central Jet on the Base 
Pressure of a Cylindrical Afterbody in a Supersonic Stream, " RAE 
Report No. Aero.  2821, December 1959, 

J. R.  Hard and R. K. Pahel,   "Fuel-Rich Magnesim/Oxidizer Mixes as 
Drag-Reducing Fumers," BRL Memorandum Report No.  2326, October 
1972.   ADV 771171. 
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1.0 

0.9- 

0.8- 

pb/pa) 0-7 

0.6- 

0.5- 

0.4 
0.001 

  

REID AND HASTINGS 

UPSTREAM CENTRE BODY 

Mcos2 R^xlO^/dsO.l 

dj/d = 0.6 

d|/d = 0.6 

dj/d = 0.4 

dj/d = 0.2 

 ■' 

0.01 
I 

0.1 

Figure 10. Change in Base Pressure Ratio vs I for Different 
Various Fumer Cavity Diameters 
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steel washers similar to those emploved in 7.624 and 20nim17 firings 
melted. Sine« it has been reported10 that the stsel washers improved 
the drag-reducing capability of F-4 and that recovered 7.62mm projectiles 
revealed the steel washers did not melt, the tests with the washers 
were repeated with tungsten substituted for steel. 

The changes in base pressure vs injection parameter are plotted 
in Figure 11 for the runs In Table III for which burning times were 
available. The first point to notice is that the base pressure in- 
crease is directly related to the injection parameter in a fashion 
similar to Figure 8. The results for the coarse-grade magnesium mix 
are especially interesting, since the coarse-grade fuel-rich 20/80 
Mg/Sr02 has nearly the same injection parameter as the regular grade, 
nearly stoichiometric, 15/85 Mg/SrO, mix. On the assumption made in 
reference 16 that the fuel-rich mix should be superior, one would ex- 
pect the base pressure rise for the 20/80 mix to be higher than the 
15/85 mix. The results in Table III (compare 126 with 134) contradict 
this, since the base pressure rise is the same for both mixes. The same 
conclusion is evident from a comparison between spinning R20C (Run 162) 
and the 30/70 Mg/Sr02 Run (132) as shown below 

Run 

132 

162 

Fumer Composition 

30/70 Mg/SrO, 

R20C 

A<Pb/pJ 

0.25 

0.24 

0.021 

0.022 

The interpretation of the results with the washers was hampered by 
not having a burning time available (see Runs 136 and 137 in Appendix B) 
However, the base pressure rise was the same as the run with no washer 
(Run 127), and the fumer specific impulses were nearly identical (1280 
and 1240 N-s/kg for Runs 127 and 137, respectively). For this to be so 
and with the pressure rise the same, the burning times had to be the 
same. Thus, the center-perforated washers did not seem to influence 
fumer performance. 

1? 
T. A. Elmencbvf and R, A. THfitetH,   "Gas Generators for Base Drag 
Reduction (Fumers)," Aerodynamias of Base Combustion, S. N. B. Murthy 

28—^* eds., HIT Presst Boston,  tn press. 
R. Kwatnoski, private oormuniaation. 
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Table IV summarizes data for a series of runs in which varying 
amounts of calcium resinate were added to a binary magnesium/strontium 
peroxide mix. Additives such as calcium resinate are used in pyro- 
technics to improve the consolidation properties of the pyrotechnic 
mix and are also used as color intensifiers and burning rate modifiers. 
These additives are of interest because they produce gaseous com- 
bustion products as well as modify the burning rate. The pressure-time 
plots for these runs (139-144) did not exhibit the step-like plots as 
obtained for R20C or the binary mixes of magnesium/strontium peroxide. 
The type of pressure-time plot for these runs is presumably caused by 
slag forming on the lip of the model rather than anomalies in the com- 
bustion behavior of the mix. Median base pressure rises were esti- 
mated only for runs 139 and 140. Two runs (192-193) were made with 
barium peroxide substituted for strontium peroxide. The resulting 
pressure-time plots were easier to interpret. In Figure 12 the base 
pressure rise vs^ injection parameter is plotted for runs 139, 140, 
192, 193, and run 126, the binary mix to which varying amounts of 
calcium resinate were added. It appears that the trend of base 
pressure rise with increasing injection parameter is still followed, 
and that there is no discernible effect of fumer performance by 
changing the oxidizer or by adding an additive except to vary the in- 
jection parameter by changing in. 

In Table V data are collected for runs made with Polyvinylchloride 
(PVC), oxamide, and gelatin. PVC is used in pyrotechnics as a binder 
and red-color intensifier in tracer mixes. Oxamide was chosen, since 
it is used as a flame-retardant  and it was hoped that the oxamide 
would reduce the burning rate of fast-burning fuel^rich pyrotechnic 
mixes. Gelatin was used as an additive in 7.62mm  and 20mm 
firings.  In Figure 13 one can see that the general trend of base pressure 
rise vs injection parameter observed in previous runs is again followed, 
but further interpretation is difficult because of uncertainties in the 
burning times. The mass burning rates and linear burning rates for these 
mixes are summarized in Tables VI and VII. The linear burning rate is esti 
mated by dividing the length of the fumer mix by the burning time. Two 
things are interesting. First, the addition of oxamide increases the 
burning rate of the Mg/Sr02 mix rather than decrease it as anticipated. 
Apparently, the oxamide is reacting with magnesium or strontium peroxide 
rather t^|n decomposing and cooling the surface of the burning pyro- 
technic.   Oxamide does reduce the burning rate of a standard 20mm tracer 
which is composed primarily of magnesium and strontium nitrate. The 
second point of interest is that addition of gelatin or PVC has about 
the same effect on burning rates. Gelatin has been proposed as a 
particularly effective additive for fumer application, but the wind 
tunnel results suggest that PVC is just as effective. PVC has the added 

19 
J.   W.  Lyonsj  The Chemistry and Use of Fire Retardants, 
saienoe3  19?0t pp 14-22.   —~~~~—M— —- 
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advantage of increasing the red color value of tracer mixes20 which 
would be an important consideration if fumer mixes will also have to 
be used as tracer mixes. 

In Figure 14 all the previous runs are replotted on a single 
graph.  In Figure 15 these runs are plotted as base drag coefficient 
v£ injection parameter. The base pressure ratio, Pu/P , is related 
to the base drag coefficient by b ^ 

(VpJ 
Db  1/2 YM 2 (4) 

The trend of decreasing base drag coefficient with increasing I ij 
evident.    Bowman and Clayden    expressed this trend as 

-J x I 
JDb CD, (5) 

The parameter J was found to be a function of Mach number, temperature, 
and the molecular weight of the injected gas.  Bowman and Clayden esti- 
mated what the parameter J in Eq. (5) would be for injection of a pro- 
pellant gas with molecular weight of 18 g/mole and temperature of 2500K 
The base drag coefficient V£ I for Bowman and Clayden's hypothetical pro- 
pellant is also plotted on Figure 15 which shows that the base drag re- 
duction for a given injection parameter is comparable to that for the 
pyrotechnics.  It remains to be seen whether Bowman and Clayden's esti- 
mates for a propellant are realistic. Nonetheless, this raises the 
possibility of "invisible" fumers. Shidlovskii 1 states that solid 
propellant combustion gases do not emit sufficient luminous energy to 
be of use as tracers. On the other hand, Puchalski  has contended it 
is not possible to design a non-luminous fumer formulated with pyrotechnics 

The analysis of data has been concerned5with Mg/SrCL mixes at a 
single Mach number.  In the previous report, some runs were performed 
with strontium nitrate as the oxidizer and some runs were made at Mach 
numbers of 2.49 and 1.56. The median base pressure rises, burning times, 
and injection parameters for these earlier runs are given in Table VIII. 
A plot of base-pressure use vs. I for these runs is given in Figure 16. 

20 
D. Hart and H.  J.  Eppig,   "Long Range Reeearah on Pyroteahnias: 
Burning Chavaoteristioa of Binary Mixes," Piaatinny Arsenal Teahni- 

22oaT' Report 2669,  October 1947. 
A. A. Shidlovskii, Bases of Pyroteaknias,  in Russian,  2964,  trans- 
lated version available as Piaatinny Arsenal Teahniaal Memorandum 

222625,  May 2965. 
W. J. Puchalski,   "An Analysis to Determine the Feasibility of a 
Non-Luminous Pyroteahnio Fumer, " Frankford Arsenal Teahniaal 
Report-?4036, Deoember 2974. 
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It would appear that the strontium nitrate based fumers follow the same 
trend as those fumer mixes with strontium peroxide (F-l and R20C). 

A clue to the effect of Mach number on fumer performance may also 
be found from data in the first wind tunnel report.  Tabulated below 
are data for three runs with a 36.5/63.5 percent by weight Mg/Sr(NO-)2 

mix 

Run No.   " M 
00 

1.56 

I  x  10 wvp« ) m,  g/s 

36 5.2 0.10 1.2 

12 1.98 2.8 0.11 1.4 

42 2.49 4.9 0.22 1.4 

From reference 5. 

The base pressure rise for a given injection parameter is 
greatest at the highest Mach number. The same conclusion was reached 
by previous workers.  Although it is difficult to draw firm conclusions 
from just three runs, the variation in base drag reduction with Mach 
number is another instance where trends first observed in experiments 
with gas ejection are also followed by burning pyrotechnics. One should 
not conclude that it is best to burn the fumer early in projectile flight 
when the Mach number is the highest. First of all the base.drag com- 
ponent of the total drag grows larger at lower Mach numbers and secondly 
the injection parameter for a given mass burning rate will also get 
larger at the lower Mach number. From the firing tests conducted parallel 
to these wind tunnel tests, the largest increase in terminal velocity and 
reduced flight times after fumer burnout have been seen with the slower 
burning fumer mixes '  containing strontium nitrate. 

One serious discrepancy remains between these results and firing 
tests reported in Reference 4 as regards the fumer performance of R20C. 
In these 7.62mm tests, it was concluded that R20C is ineffective as a 
fumer. Apparently, the R20C completely burns before the round of ammuni- 
tion is picked up by the radar used to measure the projectile's velocity. 
Another possibility might be that the rapidly burning R20C masks the radar 
in some fashion. At any rate it seems odd that R20C provides the largest 
reduction in base drag observed for any fumer mix in the wind tunnel 
tests, but exerts no influence at all on base drag in the firing tests. 

Another problem that arises when interpreting firing tests without 
knowledge of the fumer's burn time is to assess relative fumer per- 
formance at different Mach numbers when it is possible the fumer has. 
burned out at higher Mach numbers. It is stated in the 7.62mm tests 
that certain fumer mixes are better than others at higher Mach numbers, 
but not as effective at lower Mach numbers.  In all these cases, the 
fumer performing better at the higher Mach numbers was the faster 

36 
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burning fumer. It is not clear that F-l, for example, is less effective 
than R284 at low Mach numbers, since F-l burns faster than R284. From 
the limited data available in the wind tunnel tests at different Mach 
numbers, R20C is superior to the slower-burning Mg/Sr(N07)o mixes at 
M  =2 and at M  =1.56. '3J2 

The majority of fumer mixes tested to date have used magnesium as 
the fuel. This was done because magnesium is relatively easy to ignite, 
so the fumer mixes tested to date are modifications of existing tracer 
or illuminating flare mixes. Thus, the fumer mixes already tested could 
be readily incorporated into munitions and one would expect them to satis- 
fy military storage and handling tests. Future experiments will be 
directed to other fuel-oxidizer combinations. In particular, attention 
will be directed to hydrides or compounds producing hydrogen. Townend 
reported that combustion of hydrogen eliminated base drag at M^ = 2.1 
with injection parameters as low as 0.002. Another advantage of hydrides 
such as MgH™, is that their thermal diffusivity  is much lower than the 
thermal diffusivity of the corresponding metal. This means that the metal 
hydrides should be much easier to ignite.  In addition the decomposition 
of the metal hydride to produce hydrogen occurs endothermically,  so 
the burning rate of a metal-hydride fumer should be slower than the 
corresponding metal-containing fumer. Metal hydrides such as NaBH., MgH2, 
and ZrH2 will be tested as fumer fuels. 

A final point to be drawn from these results is that in order to 
take full advantage of the increased performance afforded by fumers, it 
will require rounds designed to carry larger amounts of fumer mixes, 
rather than looking for a "best" fumer mix for use in existing tracer 
rounds. 

V. CONCLUSIONS 

1. The base drag reduction by burning magnesium-strontium peroxide 
fumer mixes may be correlated by the same injection parameter previously 
used to correlate base drag reduction by gas ejection. Such a corre- 
lation means that the base drag reduction of a given fumer mix may be 
estimated solely from an estimate of the mass burning rate under 
flight conditions. 

2. At M =2 the base drag coefficient is reduced by increasing 
the injection parameter of the fumer mix up to an injection parameter 
of 0.02. Similar limits on base drag reduction vs mass flow rate were 

23 L. H.  Townendj   "Some Effects of Stable Combustion in Wakes Formed 
„.in a Supersonic Stream3 " RAE Technical Note Aero.   2872t March 1963. 

D. L.  Curmings and D. L.  Powers,   "The Storage of Hydrogen äs Metal 
Hydrides, " I & E.  C. Process Design and Dev.   13,   182 (1974). 
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observed for gas ejection in other wind tunnel tests. One of the major 
goals of the wind tunnel testing in the fumer program was to see if such 
limits existed for burning pyrotechnics and propellants. 

3. The experimentally measured base drag reductions for magnesium 
based fumer mixes are the same as the base drag reductions estimated for 
propellant combustion gases. If such estimates prove to be accurate, 
this raises the possibility of "invisible" fumer rounds. 

4. Center-perforated washers did not influence fumer performance. 
Such washers were used in firing tests to test the effect on fumer per- 
formance when the diameter of the fumer cavity was reduced. 

5. Limited data suggest that base drag reduction by a fumer mix 
with a given injection parameter is more efficient at higher Mach 
numbers. 
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APPENDIX A 

Summary of Tests Performed in this Test Series 
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APPENDIX B 

(P,/P ) vs Time Curves For All Runs in This 

Test Series During Which Burning Took Place 
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